As a first step towards the computation of the NLO corrections to the photon impact factor in the γ * γ * → γ * γ * scattering process, we calculate the one loop corrections to the coupling of the reggeized gluon to the γ * → qq vertex. We list the results for the Feynman diagrams which contribute: all loop integrations are carried out, and the results are presented in the helicity basis of photon, quark, and antiquark.
Introduction
The experimental test of the BFKL Pomeron [1] is generally considered to be an important task in strong interaction physics. Recently much interest has been given to the total cross section of the scattering of two highly virtual photons σ γ * γ * tot [2, 3] . This process describes the scattering of two small-size projectiles, and its high energy behavior (at not too large energies) is expected to be described by the BFKL Pomeron. Therefore, a measurement of the reaction e + e − → e + e − + X by tagging the outgoing leptons at LEP or at a future Linear Collider provides an excellent test of this very important QCD prediction.
So far leading order calculations of the BFKL Pomeron have been compared to LEP data (both OPAL and L3) [4, 5, 6] . In both experiments the data lie above the one gluon exchange curve (commonly called Born approximation), but below the BFKL prediction. Since the next-to-leading order (NLO) corrections to the BFKL kernel have been calculated [7, 8] , + = + ... it is known that the higher corrections will lower the theoretical predictions of the cross section. However, a consistent comparison with the NLO BFKL calculations has not yet been possible: there remains the task of calculating also the next-to-leading order corrections of the coupling of the BFKL Pomeron to the external photons, the so-called photon impact factor.
The photon impact factor is obtained from the energy discontinuity of the amplitude γ * + reggeon → γ * +reggeon (Fig. 1) . In leading order α s this discontinuity is simply the square of the scattering amplitude γ * + reggeon →in the tree approximation, and the reggeon, i.e. the reggeized gluon, can be identified with the elementary t-channel gluon (with a particular helicity). In the next-to-leading order new contributions have to be calculated. For theintermediate state we need the NLO corrections to the γ * + reggeon →amplitude either on the lhs or on the rhs of the discontinuity line, and the qqg intermediate state requires with leading order amplitudes γ * + reggeon → qqg on both sides of the energy discontinuity line. The task of calculating the NLO corrections to the photon impact factor therefore can therefore be organized in three steps, (i) the calculation of the NLO corrections to the γ * + reggeon →vertex, (ii) the vertex γ * → qqg in leading order, and (iii) the integration over the phase space of the intermediate states. In this paper we report on results of the first step, the NLO corrections to the γ * + reggeon →vertex. The vertex is obtained from the high energy limit of the scattering process γ * + q →+ q.
Technical preliminaries
The kinematics is illustrated in Fig. 2 . As usual, q and p denote the four momenta of the photon and the incoming quark, resp., and ε L,t the polarization vectors of the photon. We use s to denote the energy of the γ * q scattering process process, and we introduce the invariants
, and x = Q 2 /2p · q for the Bjorken scaling variable. For simplicity, in the calculation of this paper we treat the quarks as massless. The momenta k and r can be written in the Sudakov decomposition form, i.e., 
where q ′ = q + xp and
The Feynman diagrams which contribute to our NLO-calculation are listed in Fig. 3 . In addition to the graphs shown (all diagrams, except for Fig. 3 .14), we have to add those diagrams where the t-channel gluon couples to the outgoing antiquark rather than the outgoing quark. It is easy to see that, for the color octet t-channel configuration, the sum of all diagrams has to be antisymmetric if we interchange quark and antiquark:
In particular, the 'box' graph shown in Fig. 3 .14 has to be antisymmetric by itself. We will use the Feynman gauge throughout the calculation, and for the t-channel gluons we decompose the metric tensor according to
In our calculation we retain only the first term, since the remaining ones are suppressed by powers of the energy. We use the helicity formalism, and our results will be expressed in terms of the following matrix elements: where λ a (a = 1, · · · , 8) are the color matrices, and λ and λ ′ denote the helicities of the outgoing quark pair. When interchanging quark and antiquark lines it will be convenient to use the following identity
We organize our calculations in the following order. We first consider those diagrams ( Fig. 3.1-9 ) which can be viewed as "elastic scattering of two quarks", with the upper 'incoming' quark carrying the mass t a . Correspondingly, the diagrams not shown in Fig. 3 define quark-quark scattering with the upper 'incoming' antiquark having the mass t b . Together with the correction at the photon vertex ( Fig. 3.10 ) and the quark self-energy ( Fig. 3.11 ), these diagrams are the ones which have to be made ultraviolet finite by renormalization. In the final part we turn to the calculation of the box diagrams in Figs. 3.12 and 3.14, and the pentagon graph shown in Fig. 3 .13.
We are interested in the high energy limit, where
and we do not impose any restriction on the remaining invariants. The Regge ansatz for the scattering amplitude γ * q → (qq)q takes the form:
Here, 1 + ω is the gluon trajectory. Expanding all terms in powers on the strong coupling g, we have
After substituting corresponding elements in Eq. (12) with above expansions, one obtains the following structure of the amplitude
with
and
Here, the e f represents the charge value of the interacting quark, and the lowest-order expressions on the rhs of (18) are
with D = 4 − 2 ǫ and
Here λ q and λ q ′ are the helicities of the incoming and outgoing quark, resp., and λ a are the generators of the colour group. In this paper we will present the results of Figs. 3.1 -3.14 which can be cast into the form of the rhs of (18). All pieces except for Γ
(1),a γ * →qq are known from earlier calculations. In particular, the Born result for Γ (0),a γ * →qq is well known in the context of the photon wave function formalism, and it is available for definite helicity states [9] . The higher order corrections to the quark-quark-reggeon vertex, g 3 Γ
qq (t), have been calculated in [10] . For vanishing quark masses these corrections are (following the notations of [10] ):
with Γ
(1)
Inserting these results on the rhs of (18) we can easily obtain Γ
(1),a γ * →qq , which is the goal of this paper.
For future purposes it will be important to note that the vertex Γ
(1),a γ * →qq in (12) is expected [11] to have a rather complex structure. For example, in the limit of large diffractive masses it will be more convenient to write (12) as a sum of two different expressions: the first one depending on M 2 and s, the second one on αs and s (or (1 − α)s). This decomposition exhibits the reggeization of both the gluon and the quark. A detailed discussion of the large-M 2 limit will be presented in a seperate paper [12] .
Analytic Results
We write the NLO amplitude T (1) for the process γ * + q →+ q as a sum of the different Feynman diagrams:
The subscripts i refer to the numbering in Fig. 3 , and the amplitudesĀ i correspond to the diagrams which are not shown in Fig. 3 : they are obtained by interchanging the couplings of t-channel gluons between quark and antiquark lines. Formally, we substitute
Under these replacements the matrix elements (7)- (9) remain unchanged. In addition, for all diagrams except for Fig. 3 .14 we have to include an overall minus sign when interchanging quark and antiquark. A 14 is already antisymmetric by itself with respect to the interchange of quark and antiquark.
Calculational methods
Before presenting explicit analytic expressions for all diagrams we briefly outline the methods we have used to obtain the results.
Starting from the standard Feynman rules of QCD we project the color in the t-channel into the antisymmetric octet and proceed by introducing Feynman parameters x i to combine the denominators for the integration of the loop momentum. Only for the simplest diagrams these steps are easily performed by hand. Particularly for the diagrams Fig. 3 .12-14 this step becomes too tedious. Therefore, we have used the computer algebra system Mathematica with the package FeynCalc [15] , in order to reduce the numerators to expressions which contain the helicity matrix elements (5) to (9), monomials x i x j · · · in the Feynman parameters and, of course, the kinematical invariants. Those diagrams, where the loop integral itself does not depend on the large scale s, the box diagrams Fig. 3 .12 and Fig. 3 .14, have to be calculated exactly. The only high energy approximation results from the gluon nonsense helicity (i.e. the first term in (4). Diagram Fig. 3 .13, on the other hand, has first been calculated exactly, and then the high energy limit (11) has been taken.
To consider the loop integrations, we had to deal with integrals over the loop momentum itself, which could be easily performed by the usual shift, and with the remaining integrals of the Feynman parameters. Integrals of the latter type are either known, or they could be obtained from known ones with the help of recurrence relations to O(ǫ 0 ) in dimensional regularization. The technical background for these methods is given in [13] and has been applied to almost all cases we are interested in by [14] . We have written a Mathematica package to easily call the results of [14] . In most cases the integrals are recursively expressed in terms of special functions, representing a particular combination of logarithms and dilogarithms for a given n-point function. In the case of diagram Fig. 3 .14 we have calculated explicit results for integrals with two and three Feynman parameters in the numerator using the derivative method [13] . Also for this task we have used Mathematica.
Finally, after carrying out the integrals, i.e. replacing the monomials of Feynman parameters in our amplitudes with the explicit expressions from our Mathematica package, we have used again FeynCalc to take the high energy limit in the diagrams Figs. 3.2, 3, and 13, and to carry out some simplifying algebra. A few final simplifications had to be done by hand. The expressions that we have obtained in this way will be listed in the remainder of this section.
Quark-quark Scattering
It is suggestive to view the diagrams Figs. 3.1-9 as a quark-quark scattering processes with one of the incoming quarks being off-shell (with virtuality t a ). We focus on those diagrams in Fig. 3 , where the t-channel gluon(s) couples to the quark. Those diagrams where the gluon(s) couples to the antiquark are easily obtained by performing the substitutions described after (26).
Diagram Fig. 3 .1 is one of many three point functions with two massive external legs. Loop integrals of this type are well-known, and we have calculated them both by hand and by using computer algebra as outlined above.
Here and in the following, we use
as a shorthand notation.
In the diagrams Fig. 3 .2 and Fig. 3 .3 we have to deal with four-point integrals, where one of the external legs is off-mass shell. Here we make use of the shorthand notations listed in the appendix. The result for the sum of the two diagrams is:
Here, Li 2 is the standard dilogarithm function defined as
In order to exhibit the energy dependence we rewrite this expression:
From these two diagrams (and from their respective partnersĀ 2+3 ) we already get the complete ln s dependence of our result, in agreement with the rhs of (18). In detail, the first line of (32) contains, apart from the ln α dependence, the leading order trajectory function ω (1) (t) (cf. (20)). Furthermore, if we take the limit t a → 0 in the last two lines, we are left with only the last term of the second line. One half of this term will go to the lower vertex (25) (the same result could also have been deduced from [10] ). Therefore, the contribution from diagrams 2 and 3 to Γ
We emphasize, once more, that the two diagrams A 2+3 +Ā 2+3 provide the complete ln s dependence on the rhs of (12) . At first sight one might expect that also the pentagon diagrams A 13 +Ā 13 might contribute to the energy dependence. Later we will show that, in fact, this is not the case.
The calculation of Fig. 3 .4 is very similar to the calculation of Fig. 3 .1. We find:
Diagrams Fig. 3 .5 and Fig. 3 .6 are needed to obtain the NLO corrections to the lower vertex Γ
(1),a. In agreement with [10] we find:
We note that they can be obtained from Eqs. (28) and (34) by choosing ǫ < 0 and taking the limit t a → 0.
The calculation of diagrams Figs. 3.7-9 is straightforward. They contribute to both the upper and the lower vertex:
Similarly, the qq-contribution to the gluon-self-energy in Fig. 3 .9 leads to
These diagrams contribute with equal weight to both the upper and to the lower vertex. Therefore, in order to complete the upper reggeon-quark-quark vertex with one off-shell quark, we simply add 1/2 of the sum of (37) and (38) to the contributions (28), (34), and (35). Similarly, the lower reggeon-quark-quark vertex with all quarks being on-shell is obtained by adding 1/2 of the sum of (37) and (38) 
To 
Vertex correction and quark self-energy
In this subsection we present the results of the vertex correction Fig. 3 .10:
and for the quark self-energy Fig. 3 .11:
Eqs. (40) and (42) provide new contributions to the vertex Γ
(1),a γ * →qq .
The Box diagram Fig. 3.12
In this subsection we give the result of the diagram Fig. 3 .12, which was calculated entirely with the help of the computer algebra (in [14] this diagram has been named 'adjacent box'). The result will be expressed as follows:
12 .
Starting with the divergent terms, we have
The O(ǫ 0 ) term for the this adjacent box is expressed in terms of many different functions, related to this loop integral. For convenience, the definitions of these functions are listed in the appendix.
(46) 12 3.5 The Box diagram Fig. 3.14 The result of the diagram Fig. 3 .14 (in [14] named 'opposite box'), can, again, be split into divergent and finite pieces:
14 .
The term proportional to c Γ /ǫ 2 reads:
The c Γ /ǫ -term is rather simple, since we kept only the first terms in the expansion of powers like (−t) −ǫ while the logarithms are combined with logarithms from the finite term, leading to significant simplifications:
Finally, the O(ǫ 0 ) term for this opposite box diagram reads:
We have cast all our results for A 14 into a form which manifestly exhibits the antisymmetry under the exchange of q andq.
3.6 The Pentagon diagram Fig. 3.13 The result for the pentagon diagram Fig. 3 .13, is much simpler than one might expect. The reason for this is the fact that, in contrast to the box diagrams Fig. 3 .12 and 3.14, the integrals depend upon the large scale s, and in the high energy limit they can enormously be simplified. As before, we seperate divergent and finite pieces:
and a finite piece:
now include the coupling constant g):
The poles in A 5 and A 6 , coming from the lower vertex correction, as well as the gluon self-energy A 7 to A 9 can be compared to standard textbook results.
In above formulas g, the strong coupling constant, denotes the unrenormalized one, the bare coupling. In order to perform the usual renormalization, we make the replacement:
where β 0 = (
n f ), and γ E is the Euler constant. In the MS scheme we have:
for the vertex renormalization, the quark wave function renormalization, and for the gluon wave function renormalization, resp. Finally, we add the quark self-energy diagrams for the external legs (not shown in Fig. 3 ):
It is easy to see that in this way all ultraviolet divergencies cancel. In particular, the ultraviolet divergences in diagrams Figs.3.10 and 3.11 exactly cancel against each other as expected, similar to situation in the NLO calculation of γ * →in the e + e − annihilation process.
Conclusions
In this paper we have calculated the high energy limit of the process γ * q →in next-toleading order, and from the results we have extracted the NLO corrections to the coupling of the reggeized gluon to the vertex γ * → qq. This calculation represents the first step in the computation of the NLO corrections to the photon impact factor. These NLO corrections will allow to perform a complete NLO analysis of the BFKL prediction for the scattering process γ * γ * → γ * γ * at high energies.
In this paper we have listed the results of all one loop diagrams. Using dimensional regularization we have carried out all loop integrations, and our final results are expressed in terms of logarithms and dilogarithms. We also show the explicit dependence upon the helicities of the photon and the quarks. After renormalization our results are free from ultraviolet divergencies, but they still contain infrared singularities which will cancel once all NLO pieces of the photon impact factor have been calculated and put together.
We have not yet attempted to combine the contributions from the Feynman diagrams into a single compact expression. The results for the individual diagrams are sufficiently complicated and lengthy, and we found it useful to first list them separately. A closer investigation of the sum of all diagrams will be presented in a forthcoming paper. This includes important consistency checks as well as investigations of several special kinematic limits.
Note: shortly before this paper has been completed a short paper (hep-ph/0007119) by V. Fadin, D. Ivanov, and M. Kotsky has appeared which reports on a similar calculation of the γ * →vertex. However, the results presented in that paper are written in terms of one-dimensional, two-dimensional, or even three-dimensional integrals which have to be performed. We therefore feel, at this stage, unable to make any comparison between our and their results. 
